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1. INTRODUCTION i; A
‘ i C e ;‘N‘__‘ wow)
The usual concept of _urface roughnenss and =)

zero plane displacement breaks down when one ccnsiders a

‘Vegetative canopy as the lower boundary for the planetary

boundary layer. The roughness of many vegetative canoples
derlived from the log law changes with wind speed as do the
zZero=-plane displacements, ldeally one would like to
cXpress the aerodynamic roughness of vegetation in terms
of 1ts height, density and drag characteristics,

Restricting considerations to the turbulent
trunsfen of momentum, a model was developed that will
predict the canopy wind profile within semi-rigid canopies,
For the purpose of this report, a canopy is defined as
vhat layer spanning the reglon from the ground surface to
the top of the plant, To date three canopy flow models
have been developed., This paper primarily describes the
bhird model, It a1lso discusses the two previous models
(Cloncc, Ohmstede and Appleby, 1963) briefly, and then .
compares this prior work to that of other investigators,

2. BACKGROUND

The earliest efforts in canopy modelling were
reported by Lemon and Stoller, Tan and Ling, and Ordway,
Ritter, Spence and Tan (Lemon et al, 1963). In 1960
Ordway et al (1960) proposed a simple canopy flow model,
It was suggested that the turbulent transfer in the canony
could be pursued in a manner similap to that of the

.surface boundary layer, provided allowance 18 made forp the

logs of momentum to the leaves and stalks of the vegeta-
tion, They further proposed that the loss of momentum was
proportional to the square of the local mean velocity,
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This conditlion is analogous to the definition of the drag
coefficient for fully rough flow through a pipe. Under
this condition the drag coefficlent 1s independent of the
Reynolds number, Also, for the steady state condition

- with no advection, the local loss of momentum must be
equal to the convergence of momentum transport, To
simplify their model, Ordway et al assumed the transfer
coefficlent, Kym; to be constant within the canopy, In a
later report, Tan and Ling (1961) allowed Ky to increase
linearly with helght as 1t does in the surface boundary
layer, The author's inlitial canopy flow model (Cilonco,
1962) is similur to these models in many respects with
cne important exception: the model doegs not assume what
the behavior of Ky is within the canopy, and rather than
worklng with the transfer coefflclent, it was more desir-
able to investigate the mixing length and its properties,
Thus for turbulent transfer of momentum within vegetative
canoples the followlng equations result:

)

53 = pSu? (1)
or

.a..'[z-.a.e. “wlorauz (2)

32 L 32 7D '

where 1 18 the shearing stress, z ls the vertlical space
coordinate, p is the denslty and u 1s the mean wind
veloclty, S is defined as:

1
. S®5Cph . ®
and 1s simlilar to Pranutl's skin friction coefficlent,

Ch is the drag coefflcient of the canopy elements, A is
the effective aerodynamic surface area of the vegetation
per unlt volume and 2 is the mixing length, This model
ylelded a mixing length that was essentlally constant
with helght in a corn plant canopy. The wind profile .
solutions for a seml-rigld canopy using these general
mixing characteristics 1n equation (2) were in excellent
agreement with the observed canopy wind profiles,

The second model formulated a canopy of elements
that are ideally uniform in geometry, distributlon and
hehavior, The basic assumptions of this "ideal" canopy
model are that the scale length of turbulence and the
dissipation coeffliclent are constant with helght, Thus
the ideallizecd canopy can be defined as having (1) a

- uniform vertical leaf area distribution, (2) a uniform
vertical distribution of the drag coefficlient of the
canopy elements, and (3) a drag coefficlent that is
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independent of the local Reynolds number. The propertles

of this model are characterlizcd by (1) a mixing length _
that 1s constant with helght except very near the surface,
(2) the turbulence intensity is constant with helght, and

(3) the wind velocity 1s an exponential function of helght
of the following form:

- 1)
U= Uy ea(l:r (4)

where the attenuation coefficlent "a" is a constant, The
model also defines relationships of the canopy's basic

parameters in terms of "a" in the following forms:

HS

&% % (5)

and
H3s

73 (6)

where "a" is constant if both S and %, are uncheanging
with helght., A third relation evolves from the above
a~terms as:

X HZCD (7)

243

It relates the drag at the canopy top to the mixing
length wlthin the canopy.

. When applying the "ideal" model to the natural
canopy during the steady state condition with no advecw
tion, 1t was found that (1) the wind profiles within a
gorn plant canopy reported by Tan and Ling (1961) were
exponentlal and that the mixing length was computed to
be constant with helght, (2) results reported by Nakagawa
§1956) for a rice c¢rop and by Inoue, Lemon and Denmead

1964) for a wheat fileld have shown turbulence intensity
to be almost 1lndependent of helght, and (3) limber crops
like alfalfa (Lemon et al, 1963) were definitely not
ideal in nature., Cionco et al alsc found that S, Cp, and

. %o were not conservative properties of the canopy, but

were interdependent and only "a" as expressed in equation
(5) was nearly constant, The other relations in equations
(6)"and (7) were sensitive to windspeed, Salto (196U)
also points out that the condition "a" = constant through
all helghts does not seem to be satisfled in the general

case,
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_ Other investigators working with more recent
canopy data have found similar results, Inoue (1963)
discussed corn, rice and wheat canoples, Inoue, Lemon,
and Denmead (1964) reported a wheat canopy. Uchijima and
Wright (1963) described an immature corn canopy, and
Saito (1964) discussed a wheat canopy and two separate
immature cern canoples,

' Inoue, Saito, and Inoue et al have also found
that the constant mixing length and the exponential wind
equation apply to their canopy studles, Excent for some
of the immature crops, thelr attentuatlion coefficlents
were essentially constant for the respective crop canoples.
UchiJima and Wright fitted a log=linear functlion of height
and veloclty for their profiles; they also described

the mixing length to lncrease linearly with height,
However, lnoue (1963) pointed out that the data does not
support thelr conclusion for &, He analyzed 4+ to be
essentially constant throughout most of the canopy. One
dther interesting result of these analyres 1s that Inoue
et a1l and Inoue also established the relation proposed by
Cionco et al shown as equation (6),

3. MIXING LENGIH MOLEL AND SOLUTIONS

The stucies and models described thus far all
define the resistive effect of the vegetation in the rorm
proposed by Ordway et al (1960), They follow Prandtl's
skin friction concept (Prandtl and Tietjens, 1957),
However, the ne model will depart from this concept to
. preseont a more realistlc simulation of the natural canopy,
This change .13 suggested by the work reported by Kutzbach
(1961), Empirical results derived from his field studies
indicated ancther form of S (defined by equation (3))
would be more appropriate for fleld observations,
Kutezbach conducted an experiment to determine the effect
ol artificial roughness elements upon the wind profile
over an lce covered lake. The roughness elements were
ordinary hushel baskets and the experiment Investigated
the orderly variations of both the density and helghts
of the roughness elements., The data revealed that 3
should be redefined so that the density functlon of the
roughness elements has more meaning, TFurther analysis
of his observations indicated that the parameter A should
be a squared term,! To keep S dimensionally correct and
TThe bushel basket analysis ylelded ChaCp?*7 and also
CpaAl*?43 50 that SaAl*®, For computational convenience,
1,8 was rounded off to 2 so that SaA?, OSee page 25 of
Cionco et al (1963) for these relaticnships,
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consistent with the previous theoretical model (Clonco et
al, 1963) an additional length term 1s necessary. The
most obvious length parameter to be considered for the
canopy flow model 1s the mlxing length 1in the crop.
Equeation (8) is the definition of ' based on the bushel
basket results,

S w X ch A%L (8)
2
Equation (2) can now be written making use of
equation (8):
3. 2ul? L oar p2p42
5z | “3z = 5 Cp A% (9)

A solution of the above equation, of course, poses a
piroblem In that there are more unknowns than equations,
All of the couponents of 3' are not known, Cph in partic-
ular 1s unknown, A 1s known and can be evaluated
graphically fromn the agronomist's cumulative leaf area
index shown in PFigure 1 (Allen et al, 1964), The mixing
length is also unknown and, of course, the veloclity
dlistribution 1s the Intended solution, 9Jf these unknowns,
the only data avallable are wiad profilex 1in the canopy.
This fortunately is suffi-~lent information to allow for
‘& solution of £ and C} as one unknown. The intention

now is to provide enough information to establish somo
goeneral propertles of the canopy's mixing processes and
drag charaocturistios,

The mixing=length solution of equation (9) can
be oxpressed at follows in & normallzed form:

o[ L a9z L[ L. a2L/oxt
X [BLI/Z] - 2(3Y/a%) 2 [BL1/2] 3L/ 9 (10)

For computational purpovses 1t way desirable to express
" the solution in nondimenslonal terms, The parameters were
arbitrarily normailzed with respect to a level twice the
helght of the canopy. The nondimensional variables are
X = Z/2H, ¥ w u/uy, anc L = 22/02,, The B-term is a
collection of constants along wi%g Cb and 1s deflned as
B = 8H3(s Ch) /%, e Equation (10) is simply the result of
differentiating gquation (9) by parts and dividing througnh
by Lw Thus given a canopy wind profile and the vertical
_leafl area distribution, equation (10) will yleld a solu=
tion of L and Cp}.
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The computer form of equation (10) 1is:
oK \
3% * C1 + EC2 (11)

where E » L B=1L"1/2 and ¢, and C, are the respective
righthand terms of the previous expression, Equation (11)
is concerned with two distinct regions of turbulent flowe
that within the canopy and that immediately above, Tor
Z>H, Cy must be zero for thls expression to apply in the
reglon where the logarithmic wind profile is valid,

The first mixing length solutlons of equation
(11) were calculated utilizing Tan and Ling's (1961) two
complete wind profiles shown in Pigure 2, These same
complete profiles are shown in Flgure 3 to depict their
fit of the exponential wind profile of equation (4),
Second and third order lagranglan polynomials were used
to estimate the veloclty derivatives of Ci and C2 from
the normalized data, The initlal conditions for the
2 w 0 lavel are C; = zero and C, defined by 2i/z,, where
2o was the roubhnass length at %ho ground surraoo. E as
defined for equation (13) was approximately 10=% for
zw 0 and B 18 of the order of 102 for a semi=rigid
canopy orop. The A~term was constant from the ground
surface to the uppermost 20% in which the denasity of the
foliage deorcased uniformly to zero at the top of the
vegotation. Equation (1ll) was then integrated from the
ground surface to 2H using & fourtheorder nungeuxutta
. integratlon routine (Nielsen, 19506).

The solutions are shown in Figure 4 as profiles
of the normalized mixing-length term, E, versus the
normalized height, X. The helght has been normallzed so
that the veloclties and mixing lengths would by reprew

. sentative of a unit canopy. Within the canopy, the mixing
length 1s essentlially constant except near the ground
surface; above the canopy the mixing length increases
linearly with height, The solution for Corn 1 firmly
supports these conclusions, while the results for Corn 2
are less consistent within the canopy.

In a general way, these solutions are compatible
with the ideallzed canOpy concept of Cionco et al and
conform to the canopy scheme proposed by Inoue, The
nearly constant mixing lengths calculated from the pro-
files confirm the interdependence of S' and & with helght,
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4, CANCOPY FLOW MODEL AND SOLUTIONS

In the previous section, it was necessary to
establish some general characteristics of the canopy's
mixing processes, With this information now available,
a solution of the canopy wind proflle is possible,
Bquation (9) can be expressed as:

2 du[_3u_ a(lneg) a2y g1y2
H %X [ HZox X + g!?f? ' “ﬁg‘ (12)

- for 4<H., All parameters except X retain the same defini-

tions as previously. The model treats the canopy as a
unit, thus X = Z/4,

The mixing length solutions also confirm Inoue's

(1963) representation of the canopy mixing length by two
expressions: & w» kz near the earth's surface and 4 =

constant throughout the rest of the canopy. By accepting

this genoralized mixing length in the canopy, 23(lnt,)/dX

otn be detormined, 1To allow for the above changes in the
mixing length in the righthand term, a generalized 22/42
as o function of height was ocomputed from the mixing
longth solutions, Defining two new variables of the
righthand term as C = H3IS'/42 and G w2?/03A2, equation (12)
can now be written as:

2-‘}%[2—% LU .gT’c.g.].. g utwo (13)

The Cw=term is now the only unknown, 'To detere
mine C, an enpirical relationship is necessary, From the
idoal ocanopy oconcept, several relationships weren establie
shed as equations (5, 6, and 7) that should be unique
functions of the canopy. Lbquation (5) evaluated from the
mature corn data proved to be reasonably gonstant and
equal to 2,2, Eauntion (7), however, varled as a funotion
of wind speed., When modified to B w Uy H? Cp/24% 1t
became reasonably constant and equal to 713.9. ﬁrom theso
relationships, C can easlly be determined as a function

- of Uy where C w 2a8/Uy, -

. The canopy wind profile solution ls obtained
from a nonlinear overrelaxation algorithm descrived by
Lieberstein (1959), It is an iteration method that
continually solves for the best estimate (EST) of the
velooity such that equation (13) converges to zeroj; i,.,e,,
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o e EO ]
L& 7 o
New EST w» Qld EST ST i?%u (1h)

Second order lagranglan polynomials are used to evaluate
the first and second derivatives of the velocity, The
initlial conditions of the algorithm are the velocity, Up,
at the ground surface, the velocity, Uy, at the canopr/alr
interface, and a single value of C, Up I8 of course

zero, Uy 1s observed or computed from the log law relaw
tionships, and C iy evaluated directly from the mixing
length solutlions or from the a and 8 relationships, From
this, one scos that a solutlon 1s easlly attalnable with
the minimum information of Uy.

Canopy flow solutions of the original Tan and
Ling data (Figure 2) are shown in Wigure 5, This plot
shows good agreement betweon the observed and simulated
profiles of Corn #1l and /2, The other simulated profiles
are in good agreement with the partially observed profiles
of the upper third of the canopy. The largest differences
botweon all of the observed und simulated values are 5%
of that veloolty rango.

5, OTHER RESULDS AND DISCUSSION

More solutions were obtained as an independent
chook of the canopy wind profile model, PFigures 6 and 7
sumnarize tho model's simulationy of the observations
reported by Plato and Cermak (1963) and Wright (1963),
Fliguro 6 oonsists of two soparate sets of data from
mature corn orop ocanoples, I'ive profiles are for Wright's
datap the othodr data points repregent five profiles for
Tan and Ling's data, Tigure 7 cumpares the simulations
to Plate and Cormak's wind tunnel observations, These
profiles wore collected within and above a lw«inch
. aptificinl ocsnopy of somi~rigld plastioc strip elementy,
Tals plot compares ten previously simulated solutions
(for mature corn) to ten wind tunnel profiles, Oeonerally
speaking, the computotions were in good agreoement with the
observations.,

Statistically, the agreement can be summarized
as follows, Error analysis of the corn canopy solutions
yieldad an average absolute erros of 11,7 ocm/sec and a
. root=Tean-square=error of 14,8 cm/sec, The artificlal
canopy solutions have an averaje absolute error of 12,7
om/sec and a root=moan=square-urror of 15,1 om/sec, "rom
this analysis and Figure 7, it is apparent that veloclty
prodictions cof 100 cm/sec or less are subject to sizeable

-
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error for the artificlal canopy. TFortunately, thils
velocity range 1s usually restricted to the lower third
of the canopy.

The under prediction of the low veloclty range
. in the artificial cancry may be due to the bending of the
& plastic strips. As mentioned previously, Saito concluded
that although "a" appeared constant for the corn canopy,
i1t would not be true in the general case, DBecause the
computed profiles were simulated for mature corn, "a" was
considered constant for the plastin strips rather than a
function of velocity and flexibllity, 7This would also
: oontribute to an under proediction of velocitles dsep in
% the canopy.,

The above suggests that the attenuation coeffla
clent may be & useful method to study various ocanoples
bocause the exponential profile has been observed in quite

B ' & variety of vegetations. In particular the effects of

5 differont leaf types, densltlies and degrees of rigidity

: should be investigated, This coefficlent should pe

3 , rolated to the overall canopy density and flexiblllity.

o Sparse vegetation whioch can be readily penetrated by the

X eddios from above would tend to have small attenuation
coofficlents, These coefficlents should increase as the
canopy density inoreases, With changes in {'lexibllity
of the vegetation, ocne would expeot the coefficient to
inoroase with wind speod as the plant stroumlines to the
wind, More intansive investigation of "a" from wind
profiles in canoplos of known densitlies and elastloeltles
may help to establish the aerodynamic characteristics of
vegetation by simple relationships,

3y supplementing the nodel with wind profiles

above the canopy and canopy temperature and humidity '
observations, the model should prove useful in studying

' the canopy's energy transport and diffusion processes,
In desoribing the sink and sourco distributions of the
energy balance components, values of these canopy fluxen
oould be approximated, The diffusion of matter into the
canopy could also be estimated using the functional
relationship of eddy viscoslty to the mixing length, In
this light the gencrallzed mixing length discussed pre-
viously will take on more importance,

"6, SUMMARY

Although the model has limitations in that 1t
has been appllied only to semli-rigid vegetation, it does
yleld reasonable results for canopics that meet the

* model's reguirements, The computed mixing length
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solutions showed that & was nearly constant with height

in the canopy. This agreed closely to the & properties
proposed previously by the ideallzed canopy concept and
later by other investlgators, These solutions also showed
that 2 incressed linearly with helght above the canopy as
it should in the logearithmlic wind profile domain, Finally,
the computed canopy flow solutions were in good agreciient
with the observations. These solutions further verifled
the concept that the canopy's mixing length profile is
esgsentlally constant,
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Flgure 1, Cumulative
Leaf Area as a Function

of Helight in a Mature
Corn Canopy (Allen, et
al, 1964)
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